The purpose of the vertebrate skeleton is to maintain a stable, solid, and protective foundation while providing a mobile, flexible, and elastic structure. The vertebral column is the mainstay of these functional characteristics and supports the axial and appendicular skeletal components. Initially during the development of vertebrae, a metameric arrangement of vertebral bodies separated by intervertebral discs begins to form from the primary source of these structures, the paraxial mesoderm. During gastrulation or later, mesenchyme flanking the notochord and neuroectoderm differentiates into discrete tissue segments called somites. Subsequently the somite pairs transform into dermatome, myotome, and sclerotome, with the latter being the skeletogenic mesenchyme that makes up the vertebral column. It is these metameric mesencyhmal condensations that differentiate and form the neural arches, vertebral bodies, and intervertebral discs (Christ and Wilting 1992) . It has been surmised that the sclerotome lineage requires a specific set of instructions to restrict the somitic tissues to skeletogenesis and ultimately to develop Into the finished structural units of the vertebral column (Christ and Wilting 1992; Kessel and Gruss 1990; Schoenwolf and Smith 1990) .
Mutational analysis of genes expressed in the axial skeleton has improved our understanding of how skeletogenic events occur. The initial differentiation of somites into the vertebral column is normally preceded by a number of inductive signals that come from the notochord and floorplate (Yamada et al. 1991) . Notochord formation has been extensively studied in the mouse mutant brachyury (7) and this has led to the discovery of a number of important events that occur during axial skeletogenesis (Kispert and Herrmann 1994, and references therein) . An example of a notochord signal regulating downstream genes is the Paxl gene. The Paxl gene, which is well known for its role in axial development and in the undulated (un) mutation (Wallin et al. 1994) , is thought to be a mediator of notochord signals during the dorsal-ventral specification of vertebrae (Dietrich et al. 1993; Koseki et al. 1993) .
Recent work has indicated that positional and temporal specific factors are involved in axial development as evidenced by the large number of homeobox (Hox) genes and their role In the developing body plan (Doll6 et al. 1991; Kessel and Gruss 1990) . Gene ablation experiments directed toward several Hox gene clusters have resulted in anterior or posterior transformations, including defects of the axial skeleton and limbs (Condie and Capecchi 1993; Davis and Capecchi 1994) . Moreover, dominant-negative mutations resulting from the ectoplc expression of Hox genes also cause variations in the vertebrae (Lufkin et al. 1992; McLaln et al. 1992) . These anterior or posterior homeotic transformations and additional defects demonstrate that temporal and positional cues are important for the developing axial skeleton. Therefore there must be a tightly controlled multifactorial process that leads to overall axial development.
We previously reported the allelism testing of a novel insertional mutation, usdTgN370Rpw ^d 77,, B 0tn mu tations are located toward the proximal end of mouse chromosome 5 (Beechey and Searle 1980; Schrick et al. 1995) . In the course of these studies, we examined the entire skeleton of Tht heterozygotes for skeletal defects. This resulted in the discovery of several significant and previously unreported skeletal anomalies in Tht heterozygotes. These anomalies were found in cervical (C), Lu, and Ca vertebrae as well as the skull. In this article we describe the skeletal phenotype of the Tht heterozygotes, which exhibit diminished cartilage or bone structures resulting in the Incomplete formation of axial units throughout the vertebral column.
Materials and Methods

Animals
The Tht/+ mutant animals were obtained as a gift from Drs. D. K. Johnson and A. G. Searle and were maintained by mating Tht/ + mice to the FVB/N strain (Taketo et al. 1991) in the Biology Division of Oak Ridge National Laboratory.
Crosses
Reciprocal matings of 777//+ and +/+ mice were made and F, mice were generated with the expected genotypes, Tht/+ and +/+. Mutant F, mice were then backcrossed to the FVB/N strain to generate N2 and N3 Tht/+ mice. Tht/+ mutant animals were identified by their abnormal tails, as previously described in Doolittle et al. (1996) . Wild-type mice were siblings derived from crosses of Tht/+ mice with the FVB/N strain or they were FVB/N mice.
Skeletal Staining
Skeletons of adult Tht/+ and wild-type mice were prepared for examination using the 11-14 day method of staining with alizarin red S (Selby 1987) . Skeletons of juvenile mice were stained with alcian blue to reveal cartilage and alizarin red S to reveal bone as described by McLeod (1980) . All skeletons were examined and photographed using a dissecting microscope.
Results
Tht, a Semldomlnant Radiation-Induced Tail Mutation
It was previously shown that mice bearing Tht, a semidominant radiation-induced tail mutation, could be distinguished from wild-type mice by a thickened tail at birth. With growth, slight undulations develop that can be seen in the adult tall (Beechey and Searle 1980; Doolittle et al. 1996 ). Animals for skeletal analysis were produced by crosses between Tht/+ and the FVB/N strain. These crosses generated F, progeny with the Tht/+ and +/+ genotypes in a 1:1 ratio (data not shown). Twenty-six adult mice had the Tht phenotype as described In Doolittle et al. (1996) , and these mutant animals, along with their littermates, were systematically analyzed for any skeletal defects. Skeletons of juvenile 77?/ heterozygotes were double stained and cleared at various ages and examined for anomalies in cartilage (blue stain) or bone (red stain). An example of an adult Tht heterozygote and a wild-type mouse is shown In Figure 1A .B. The overall tail length in the adult Tht heterozygotes is about two-thirds normal, and the reason for this is that the more rostral tall vertebrae are thicker and shorter ( Figure 1 ). All skeletal structures in the Tht mice appeared normal unless otherwise noted (see below).
Skeletal Anomalies in Tht
Heterozygotes Include the Skull and Cl and C2 Vertebrae Skeletons of adult 77?/ heterozygotes exhibited a severe disruption of the craniocervical joint of the head and neck. The occipital bone, which is located at the base of the skull, normally contains a smooth, rounded, bony projection between the two occipital condyles (compare Figure 1C ,D). This bony ridge articulates with the first C vertebra to form the atlantal-occipital junction. In the Tht heterozygotes, the ventral region of the occipital bone located next to the foramen magnum does not form this smooth bony arch. It appears as a noncontlnuous and incomplete structure within the anteriorinferior occipital bones (compare Figure  1C ,D).
The anomalies in the occipital bone were also seen in juvenile mice. First, the occipital region and the forming bony ridge showed a lack of ossification in the day 11 (dl 1) mutant skulls (data not shown). It appears that cartilaginous tissues that would normally ossify were not present in d9 (compare Figure 1E ,F) and dl5 mutants (data not shown). Moreover, the occipital and sphenoid bones normally constituting the base, back, and sides of the skull are diminished in size in the d9 mutants (Figure 1E, F) . The reduction in size of this cartilage and bone suggests that early precartilage structures are incompletely formed in developing mutant embryos.
In the atlantal-occipital junction of 77?f heterozygous adults, the atlas (Cl) is incompletely formed in both its ventral and lateral portions (compare Figure 2A ,B). Here the lateral masses, which would normally project in a rostral and lateral direction, are entirely missing (Figure 2A -D). The bony tissue lost includes the pair of foramina for the first C nerves that innervate the head and neck region (Figure 2A -D). In addition, the ventral aspect of the 77?/ Cl vertebra, a region directly adjacent to the occipital bone defect ( Figure 1A ), reveals an approximate 1.3 mm gap in the ventral vertebral arch ( Figure 2E,F) . The ventral arch of the axis and the odontoid peg are also slightly reduced. 77i//+ adults did not appear to have any mobility problems, therefore we did not investigate any neurological consequences caused by these craniocervical defects.
The juvenile atlas of the dl5 mutant is similarly affected in that the cartilaginous tissue that would normally ossify to form the lateral masses is completely missing in mutants (compare Figure 2G,H) . The lateral masses should have been formed by this age (see Figure 2H ), but they are misshapen and appear as precursors of the adult defect. Analysis of the juvenile and adult skeletons suggests that craniocervical defects seen in adults are due to a deficiency of precartilage tissue of the atlantal-occipital region.
Skeletal Anomalies In the Lu and Ca Vertebrae of Tht Heterozygotes
Tht heterozygotes contain detached transverse processes in the Lu vertebrae ( Figure 3A,B) . In normal skeletons, Lu vertebrae have transverse processes that are normally continuous bony projections that extend from the vertebral unit. In Tht heterozygotes, the tips of the ventrally located transverse processes for the L2-L5 vertebrae are detached (see Figure 3A) . This cranially projecting transverse process remains attached to the vertebral body through a cartilaginous structure and appears to be decreased in size when compared with wild-type mice.
The hallmark of the Tht mutation, for which it was Initially described, is a shortened, thickened tail at birth, which In adults becomes slightly undulated (Doolittle et al. 1996) . However, skeletal analysis of the tail region has neither been mentioned in the literature, nor has the defect in the Ca vertebrae been described in detail (Beechey and Searle 1980) . Of the 29 Ca vertebrae of adult heterozygotes, the proximal vertebrae show a rostral-caudal size reduction by twothirds, while the width is slightly increased at the base of the tail. Ca vertebrae become nearly normal in length near the tip of the tail (Figures 1A and 3C,D; Schrick et al. 1995) . The mutant Ca vertebrae are somewhat less "cylindershaped" than normal Ca vertebrae and appear compressed. In addition, the rostral Ca vertebrae normally contain bilateral pre-and postzygapophyses. These appear as lateral, anterior-, and posterior-projecting transverse processes. These pre-and postzygapophyses are reduced or missing in Tht Ca vertebrae ( Figures 1A and 3C ). The slight undulations that occur in the 77?/ adult tails are caused by misshapen (curved) Ca vertebrae ( Figures 1A and 3C) ; however, the location and severity of this condition varies from mutant to mutant (data not shown). No fusions of Ca vertebrae were noted, and the intervertebral discs appeared normal.
In all of the juvenile mice examined, the Ca vertebrae are perhaps the most dramatically affected structures in skeletons of 7771" mutant animals. Day 5 77?/ heterozygotes have a pronounced decrease in the size of stained cartilage and bone of Ca vertebrae (compare Figure 3E,F) ; their vertebrae are markedly shortened in the rostral-caudal axis at this stage. This is demonstrated by a decrease in length such that 10 mutant Ca vertebrae occupy the same distance as 7 wild-type Ca vertebrae along a given length of the proximal Juvenile tail (Figure 3E,F) . The decreased vertebral length is further characterized by a more concentrated ossification center, as indicated by stain intensity (Figure Nevertheless, by day 15, Ca vertebrae have partially formed and ossified ( Figure 3G,H) . Finally, the presence of abnormally shaped Ca vertebrae in the juvenile and adult mice suggests that unequal distribution of cartilage and bone may be responsible for the tail morphology.
B
Discussion
In addition to those defects caused by the Tht mutation previously reported by Beechey and Searle (1980) , we have identified and characterized numerous other anomalies in mice heterozygous for this mutation; these are summarized in Figure  4 . The anomalies that we have reported to be associated with the Tht mutation are extremely rare skeletal anomalies in mice, either as nonmutationaJ variation or as the result of induced dominant mutations. This observation is based on the experience of one of us (P.B.S.) in examining the skeletons of many hundreds of FVB/N mice and of many thousands of mice of other genetic backgrounds in past mutational studies (Selby 1990 ) and in large ongoing experiments. Moreover, the phenotypic expressivity and penetrance of these anomalies remained constant over numerous generations while being crossed onto the FVB/N strain. The recurrent theme of the Tht heterozygote phenotype is the unfinished nature or the reduced size of axial structures. This can be seen in various features of the phenotype (see summary in Figure 4 ). The primary cause of these anomalies is not known; however, the abnormalities may arise during the early precartilage or cartilage stages of axial development. show reduced cartilage and bone formation In the tail vertebrae (Figure 3) . Moreover, the distinct lack of cartilage formation in the craniocervical region may be due to a defect at earlier stages of axial development. This is evidenced by an incomplete occipital region (Figure 1) , a ventral gap, and missing lateral masses of the Cl vertebrae (Figure 2) . The detached processes in the Lu vertebrae and decreased size of tail vertebrae (Figure 3 ) are also compatible with this suggestion. The prevalence of reduced or misshapen cartilage and bone suggests that the 77?/ gene has an important function In determining the size and shape of the axial skeleton.
Several of the anomalies seen in the Tht heterozygotes might have adverse effects on the well being of the mice. For Instance, the Tht adult skeletons exhibit severe anomalies of the craniocervical joint of the head and neck. Rotation of the head and neck region may be disrupted by the loss of these articulating structures. Defects found in the craniocervical region could possibly affect nerves of this region by exposing them to additional external and internal forces during normal head movement. For example, loss of the Cl foramina makes the Cl nerves more vulnerable to injury. It is not known if this defect in the craniocervical region gives rise to any neurological condition In Tht heterozygotes.
It is intriguing that the defects in 77?/ mice are widespread and involve the head, trunk, and tail regions. Numerous genes expressed in the axial region of the developing embryo have been described and are likely to be Involved in a polarizing or patterning of the mouse embryo during development. These genes include transcription or secreted factors that may regulate the downstream patterning and morphology of developing embryos. For Instance, sonic hedge hog (Shft) Is expressed in the limb bud and axial midline (Echelard et al. 1994) . Other genes such as Nodal, Hnf3b, and T are also expressed in the notochord or floorplate during gastrulation and are involved with axial patterning of the mouse embryo (Conlon et al. 1994; Kispert and Herrmann 1994; Sasaki and Hogan 1993; Wallin et al. 1994) . Finally, transcription factors such as homeobox-containing genes could be deleted or deregulated in the 77?/ mutation. Numerous targeted mutations of this gene family and the orphan homeobox genes have induced skeletal defects as well as organ patterning defects (Condie and Capecchi 1993; Kessell and Gruss 1990; Lufkin et al. 1992; McLain et al. 1992; Roberts et al. 1995) .
Growth factors may influence the size and shape of Ca vertebrae in the Tht heterozygotes. For example, the fibroblast growth factor 3 (Fgf3) gene targeted "knockout" resulted in a tail defect that disrupted the size, shape, and number of Ca vertebrae (Mansour et al. 1993) . Other possibilities exist with other signaling factors, which include the bone morphogenic proteins (BMPs), members of the TGF-8 gene superfamily. These proteins are strong candidates for Inducing the formation and repair of bone and cartilage (Rosen and Thies 1992). The short-ear mutation, which gives rise to a reduction of mesencyhmal condensations in the external ear and other cartilage-or bone-forming tissues, is due to the aberrant expression or deletion of the Bmp-5 gene (Kingsley 1994) . However, no "growth factor" genes have been mapped to the Tht region of chromosome 5.
The 77?/ mutation was previously characterized to have a thickened tail at birth that with growth becomes undulated (Beechey and Searle 1980) . In this article we described previously unreported skel-etal anomalies affecting the axial skeleton of Tht heterozygotes (see Figure 4) . This mutation was mapped to chromosome 5 (Beechey and Searle 1980) and was further shown to be noncomplementary with a novel insertional mutation usd T^a7mpw that causes defects in the vertebrae of the distal tail (Schrick et al. 1995) . When both alleles are present in the same mouse, they lead to a more severe defect in vertebrae at the tip of the tail than does either mutation by itself, suggesting that usc /rgN370Rpw ^d ffj t m ight be alleles (Schrick et al. 1995) . It should now be possible to clone the gene using the US£ fgN37onpw transgene insertion and study its aberrant expression in the Tht and mutant mice.
Inheritance of Body Coloration in the Lyretail
Toothcarp (Aphyosemion australe Cyprinodontidae)
J. S. Frankel
The lyretail toothcarp (Aphyosemion australe) exhibits two body colorations. These are a brown coloration characteristic of A australe and an orange color variant sometimes referred to as the golden lyretail. Segregation patterns observed in the offspring from 11 different matings support the hypothesis that body coloration in A. australe is controlled by two autosomal loci acting in a complementary fashion, with dominance at both loci required for the expression of the brown phenotype.
Egg-laying toothcarps in the genus Aphyosemion (Cyprinodontidae) exhibit a variety of coloration patterns and body markings (Axelrod and Vorderwinkler 1962; Paysan 1975) . The lyretail toothcarp (Aphyosemion australe), one of the more common African "nonannual" toothcarps, exhibits two distinct body color phenotypes. Characteristically this species exhibits shades of brown on the epaxial and hypaxial regions of the body with small red spots (Mills 1993) . A color variant of -4. australe, which arose among aquarium stocks of A. australe and is sometimes referred to as the golden lyretail, is distinctively orange in color with varying intensities of red spotting on its flanks. Natural populations of this species are almost exclusively comprised of individuals exhibiting the brown phenotype. As a result of an extensive use of A. australe in my laboratory for comparative studies on the regulation and divergence of isozyme loci, I had the opportunity to ascertain the nature of the inheritance of body coloration in the lyretail toothcarp. The present communication reports on these findings.
Materials and Methods
Healthy adults of A. australe exhibiting either the brown coloration pattern characteristic of this species or its orange color variant were obtained from Mid-Atlantic Distributors, Inc. (Springfield, Virginia), and maintained in 20 gal capacity holding tanks at 26°C. Sexually mature pairs exhibiting the brown and orange phenotypes were selected at random and placed In 5 gal capacity breeding tanks. All fry were
